R
IVER systems throughout the world have been substantially altered for flood control, hydroelectric power generation, and navigation (Sparks, 1995; Elosegi and Sabater, 2013) . Most alterations have involved damming, channel alteration, and levying of once freeflowing rivers (Pringle et al., 2000) . Resulting changes in hydrology and channel morphology can induce a lotic to lentic shift in the biotic community (e.g., Phillips and Johnston, 2004; Roberts et al., 2007; Strongin et al., 2011) . Many North American lotic fishes, freshwater mussels, and crayfishes have become imperiled as a result of these alterations (Warren and Burr, 1994; Lydeard and Mayden, 1995; Ricciardi and Rasmussen, 1999; Pringle et al., 2000) . For example, between 1898 and 2006, 57 fish taxa became extinct and three distinct populations were extirpated from North America (Burkhead, 2012) . Such declines have been attributed to a variety of anthropogenic alterations to river systems that fragment habitat and alter natural flow regimes (Ricciardi and Rasmussen, 1999; Poff et al., 2007) .
The Mobile Basin drains approximately 113,000 km 2 of land in Mississippi, Alabama, Georgia, and Tennessee and is one of the most biologically diverse temperate river systems in the world (Lydeard and Mayden, 1995; Pringle et al., 2000) . The Mobile Basin includes 190 native fish species and at least 40 endemic species (Mettee et al., 1996) . The Tombigbee drainage in eastern Mississippi and western Alabama is represented by 113 native fish species and ten endemics (Boschung and Mayden, 2004) . A number of freshwater mussels, gastropods, and crayfishes within the Mobile Basin also exhibit a high degree of endemism (Pringle et al., 2000; Smith et al., 2011) . Furthermore, major rivers throughout the basin have collectively undergone extensive channel modification with corresponding declines in the distribution and abundance of the diverse native aquatic fauna (e.g., Freeman et al., 2001) . In addition to animals, Estill and Cruzan (2001) identified 482 rare vascular plants across the diverse physiographic regions of the southeastern United States. Given this knowledge base, the Mobile Basin collectively makes an irreplaceable contribution to the natural heritage of the southeastern United States. Furthermore, it is uniquely poised to provide research opportunities that can contribute to the synthesis of a broader macro-scale view of diminishing biodiversity in response to a patch-work of extensive anthropogenic modifications. During 1972 During -1985 , the integrity of the Tombigbee River drainage was compromised by the impoundment and channelization of over 300 km of the south-flowing Tombigbee River. A 47 km canal now connects the Tombigbee River to the Tennessee River, and these components collectively form the Tennessee-Tombigbee Waterway (TTW; Green, 1985) . Despite this insult to the river's hydrologic integrity, riverine specialists may be able to persist and maintain viable populations within free-flowing tributaries of the drainage (Roberts et al., 2007) . The Noxubee River system may provide such refuge, but its confluence with the TTW raises questions concerning indirect effects of river alteration and its value as a reference condition. Boschung (1987 Boschung ( , 1989 predicted declines in species richness throughout the Tombigbee drainage based on the potential effects isolation would impart upon remnant lotic habitats after large-scale fragmentation imposed by construction of the TTW.
We investigated the diversity and distribution of fishes in the Noxubee River to determine the extent that present-day native fish assemblages resemble those represented by collections from prior to the alteration of the Tombigbee River. We used historical museum records and our own contemporary collections in order to test hypotheses concerning changes in several species assemblage properties. We predicted that changes in species diversity and patterns of abundance would be significant because alteration of the Tombigbee River has been linked to structural shifts in other components of the Tombigbee drainage not directly subject to the alterations imposed in the 1980s (Taylor et al., 2008) .
MATERIALS AND METHODS
Study system.-The Noxubee River flows freely for about 121 km in Mississippi and 40 km in Alabama, passing through four physiographic regions before its confluence with the TTW (Hubbard, 1987) . A large portion of its headwaters are located within the Tombigbee National Forest and the Noxubee National Wildlife Refuge. Bluff and Loakfoma reservoirs on the Noxubee National Wildlife Refuge are the largest modifications to the system and pre-date the initial pre-TTW survey. Both of these tributary impoundments are relatively small in size and do not intercept the mainstem of the river. The Noxubee River has substantial groundwater inputs from the Red Hills physiographic region, which allows it to maintain a reasonable base flow during the summer months (Hubbard, 1987) . Much of the system has substrates composed of limestone, sand, and mud (Hubbard, 1987 (Fig. 1 ). All sampled sites were geo-referenced with a GPS receiver (Garmin Etrex). Fishes were sampled at each site for about 1 hour with a 1.8 m by 6.1 m, 4.8 mm mesh seine. Sampling was typically confined to about 100 m of the stream, and effort was made to sample all habitat types present. All fishes greater than 25 cm were identified, recorded in field notes, and released. All fishes 25 cm and smaller were euthanized according to guidelines set forth by the American Veterinary Medical Association (AVMA; Beaver et al., 2000) . The collected fishes were then fixed in 10% formalin and transferred to the laboratory for identification and preservation in 70% ethanol. Identifications were made according to Ross (2001) . All collected fishes were transferred to the Mississippi Museum of Natural Science (MMNS) for curation into the fish collection. Several physical and chemical variables were measured for each site. Average stream width was estimated from five evenly spaced transects within the sampled stream reach. Maximum current velocity was measured in the visually swiftest part of the sampled stream reach by timing the number of seconds it took a neutrally buoyant object to travel 10 m. This procedure was repeated three times for each site, and an average was determined (Taylor et al., 2008) . Substrate composition was estimated as the percentage of mud, sand, gravel, and limestone bedrock. Dissolved oxygen, specific conductivity, and water temperature were measured with a Yellow Springs Instrument (Model 85) meter. The pH was measured at each site with a Corning (Model 90) pH meter. Woody debris, riffle development, and aquatic submergent and emergent plant abundance were ranked on a scale from 0 (absent) to 3 (abundant) sensu Taylor et al. (1993) . Land cover variables were obtained through buffering of GPS points at 60 m distance in ArcGIS 9.1 (ESRI, Redlands, CA; http://www.esri.com/) because land cover immediately adjacent to the site potentially has the most impact on instream environmental conditions (Allan, 2004) . Land cover data in 30 m raster resolution for the year of 2001 were obtained from the U.S. Geological Survey (Homer et al., 2004) . Land cover was calculated on a percentage of buffer basis and included water, wetland, evergreen forest, deciduous forest, mixed forest, developed, herbaceous agricultural, and herbaceous non-agricultural classifications using ArcMap software release 9.1 (ESRI, Redlands, CA; http://www.esri. com/). Evergreen forest, deciduous forest, and mixed forest were combined together in order to create a variable of all forest cover.
We obtained historical fish assemblage data from the MMNS and the University of Alabama Ichthyological Collection (UAIC). We did not include a large part of the historical data in the analysis because of the use of rotenone in collecting the samples. Rotenone is a piscicide, and the inclusion of those data would have violated the assumption of standardized sampling techniques (Abele and Walters, 1979; Taylor et al., 2008) . After the removal of incompatible data, we identified 12 sites with paired samples from contemporary and historical time frames. Within these sites, there were 20 historical collection efforts. The historical data were collected within the summer season (June-September) in the years ranging from 1951 until 1983. Only data from collections taken by reputable ichthyologists known to employ methods comparable to those used in this study were included in our analyses. These ichthyologists included Although it is nearly impossible to confirm equal sampling effort, appropriate steps were taken to eliminate collections that used a different method such as electroshocking or rotenone.
Data analysis.-Species richness comparisons between time periods were made by rarefaction implemented with EcoSim v7 software (Gotelli and Entsminger, 2001) . Rarefaction standardizes species richness in order to account for differing abundance levels between compared samples (Sanders, 1968; Gotelli and Graves, 1996; Taylor et al., 2008) . We compared pre-and post-TTW species richness at regional and local scales. The regional species pool is the set of species potentially capable of coexisting in a local assemblage and is defined by all species in the Noxubee River drainage as a whole for a given time period. Individual stream reaches will always contain a subset of the regional species pool and define our measure of local species richness.
To compare pre-and post-TTW species richness at the local scale, we first rarefied values to abundance levels of 53 and 113, the size of the two smallest samples in the data set. A Monte Carlo procedure was used to generate distributions of estimated species richness at the defined abundance levels by random subsamples from the observed data set (Gotelli and Graves, 1996) . We then used a two-way analysis of variance (ANOVA) without replication to test for mean differences of species richness between the two time periods for paired sites using SYSTAT (Systat Software, San Jose, CA). At the n ! 53 abundance level, there were 12 different collection locales that had matching historical and contemporary collections. There were 18 historical collection efforts at these 12 sites with five sites having multiple historic collection efforts. For the n ! 113 abundance group, there were nine collection sites that had matching historical and contemporary collections. There were 14 historical collection efforts at the nine sites. When a site had more than one historical collection effort, we combined them into one data set in order to accommodate the use of a paired ANOVA (Engstrom and James, 1981) .
To examine potential changes in species richness at the regional scale, we combined the collections from 12 paired sites into two groups of either historical or contemporary collection periods. The historical data set was composed of 3,062 individuals of 62 species, and the contemporary data set included 2,314 individuals of 55 species. Rarefaction curves were generated from zero to total collection abundance levels, and 95% confidence intervals were constructed and visually compared for overlap (Gotelli and Graves, 1996) .
Non-metric multidimensional scaling (NMS; Kruskal, 1964a Kruskal, , 1964b Mather, 1976) implemented with PC-ORD 4 software (McCune and Medford, 1999) was used to highlight gradients in species composition across historical and contemporary fish assemblages. NMS is an appropriate tool for this purpose because it is robust to non-normal and nonlinear data as well as issues of scale (Clarke, 1993) . However, results can be influenced by data transformation, and these should be performed with respect to the hypothesis in question (McCune and Grace, 2002) . We square-root transformed our data so as to apply compression to higher values in the data set. This was desirable to preclude numerically dominant fishes from masking assemblage shifts incorporating less abundant taxa. Sørensen distances were computed among all sample units, and we followed the general NMS procedure outlined by McCune and Grace (2002) .
We tested for significant separation among historical and contemporary fish assemblages using multiresponse permutation procedures (MRPP; Mielke, 1984; Mielke and Berry, 2001 ) also available through the PC-ORD 4 software package. Unlike parametric tests used for this purpose (e.g., multivariate analysis of variance), MRPP makes no assumption of normality (Smith, 1998) . The test provides a P-value evaluating the probability that observed differences are due to chance, as well as an effect size A. Representing 'chancecorrected within group agreement ' (McCune and Grace, 2002) , A is a measure of observed within-group homogeneity relative to what can be expected by chance. Within-group homogeneity is greater than the random observation when A . 0 and less when A , 0. The A-value is useful in attaching ecological significance to observed differences among groups because it is independent of sample size (Mielke, 1984; McCune and Grace, 2002) . Data were square-root transformed prior to analysis, and we utilized the Sørensen distance measure (McCune and Grace, 2002). Fig. 1 . Orientation of the Noxubee River drainage. Closed triangles represent contemporary collection sites that were used only for analyzing species/habitat relationships because they did not have a matching historical collection effort (n ¼ 32). Closed squares represent sites with historical and contemporary collections that met our criteria for inclusion in three analyses (n ¼ 12): rarefaction, non-metric multidimensional scaling (NMS), and multi-response permutation procedure (MRPP). Closed circles are sites with a contemporary and matching historical collection that qualified for NMS and MRPP but not rarefaction based upon our criteria (n ¼ 2).
We also used NMS to ordinate species abundance data from the 46 contemporary samples where we had associated measured environmental variables. Several environmental variables were discarded before we conducted the NMS ordination because of a lack of sufficient variation or equipment failure. We retained 13 variables for further correlative analyses with assemblage gradients obtained from the NMS analysis (Table 1) . Only variables expressed as percentages displayed non-normal distributions (based on probability plots) and were normalized using the arcsine square-root transformation. Species abundance data used for this NMS were square-root transformed to lessen the dominance of very abundant species (McCune and Grace, 2002) .
RESULTS
Rarefied local species richness did not differ between contemporary and historical collections at either abundance level used for comparison (Rarefied [53] , F ¼ 0.003, P ¼ 0.955; Rarefied [113], F ¼ 0.249, P ¼ 0.631). The average species richness for the rarefied [53] contemporary and historical collections was 10.9 and 10.9, respectively, and the average species richness of the rarefied [113] contemporary and historical collections was 14.3 and 13.6, respectively.
The observed species richness for the regional contemporary collection was 55, and observed species richness for the regional historical collection was 62. The 95% confidence intervals of the rarefaction curves for the contemporary and historical collections diverged slightly at an abundance of approximately 2,000 (Fig. 2) . When the larger historical sample was rarefied to an abundance of 2,314 so it could be compared to the contemporary sample, we observed an average species richness of 59.713 and a 95% confidence interval of 57 to 62. Thus, the observed difference between the historical and contemporary rarefaction curves was statistically significant (P 0.05).
Historical and contemporary Noxubee River fish assemblages (open and closed circles, respectively) lacked distinct, non-random separation when non-metric multidimensional scaling was applied to our data set (MRPP: A ¼ 0.031, P ¼ 0.064; Fig. 3 ). The first, second, and third axes of a threedimensional solution accounted for 15%, 23.2%, and 45% of the variance in the species abundance matrix, respectively, with a final stress of 13.344.
Pearson correlations of the fish species with the second and third NMS axes, which explained the most variance, revealed the importance of differences in habitat association among species (sensu Ross, 2001 ; Table 2 ). We chose 0.4 as an arbitrary cutoff for interpretation of the Pearson correlations. For example, assemblages along Axis 2 are ordered according to the prevalence of Pomoxis annularis in samples. Pomoxis annularis is represented best in higher-order lentic habitats within the Noxubee drainage, and thus separation along this axis is representative of changes along the river continuum. Axis 3 also contrasts a lotic to lentic habitat gradient, but not necessarily along the river continuum. Notropis amplamala, Luxilus chrysocephalus, Nocomis leptocephalus, Notropis ammophilus, Notropis baileyi, Etheostoma lachneri, and Percina nigrofasciata are lotic, headwater species (Ross, 2001; Boschung and Mayden, 2004 ) that were positively associated with Axis 3, whereas Gambusia affinis, Lepomis macrochirus, and Pimephales notatus occurred most commonly in lentic, low-order tributaries and were negatively correlated with this axis. Ordination of species abundance data from the 46 contemporary samples also yielded a three-dimensional solution. The third axis explained 38% of observed variance followed by the second and first axes explaining 29.3% and 19.5% of observed variance, respectively. The final stress for the three-dimensional solution was 11.4.
We chose to not include the first axis in the interpretation of the ordination because it explained the least amount of variance (19.5%), and it was not strongly correlated to any of the measured environmental variables (Table 1 ). The second axis was positively correlated with temperature and average width (Table 1) and represents a gradient of stream size from the lower order headwaters to the higher order mainstem of the Noxubee River (Fig. 4) . The fish species associated with the second axis included Aplodinotus grunniens, Cyprinella venusta, Pimephales vigilax, G. affinis, and Crystallaria asprella (positive correlation), and L. chrysocephalus, Lythrurus bellus, N. leptocephalus, N. baileyi, Semotilus atromaculatus, and Etheostoma nigrum (negative correlation; Table 3 ). Axis 3 was positively correlated with average velocity, and it was negatively correlated mud substrate (Table 1) . Axis 3 was positively correlated with Micropterus henshalli, Moxostoma poecilurum, A. grunniens, P. vigilax, Notropis atherinoides, C. venusta, Ictalurus punctatus, Noturus leptacanthus, and Percina sciera, and correlated negatively with Aphredoderus sayanus, Esox americanus, Ameiurus nebulosus, Erimyzon sucetta, Notemigonus crysoleucas, Lepomis gulosus, L. macrochirus, L. microlophus, P. annularis, and Pomoxis nigromaculatus (Table 3) . This axis represents the gradient between higher order mainstem sites and disconnected slough sites (Fig. 4) .
DISCUSSION
The combined analyses show that Noxubee River fish assemblages are little changed across a 55-year time period and are generally associated with environmental gradients that conform to the river continuum (Hubbard, 1987; Taylor and Warren, 2001; Taylor et al., 2008) . Based on changing patterns of abundance and species richness, two of the most commonly used metrics to gauge the impact of riverine alterations (Haxton and Findlay, 2008) , the Noxubee River sub-basin contains a largely intact and diverse fish fauna. There was a statistically significant difference in species richness at the regional scale such that the historical species richness was slightly greater than the contemporary species richness. This result could be caused by an actual loss of species, such as the absence of N. amplamala and Hybognathus nuchalis from the contemporary collections. Their absence may represent a decline or extirpation of these two species within the Noxubee River. We are cautious about this interpretation without the benefit of targeted surveys, at least for N. amplamala, which was present within the Noxubee River drainage as recently as 1997 (MMNS 26986, 27318) .
The absence of some species from our collections does not necessarily represent an absence from the river because of the possibility of sampling bias and difficulty of collection (Bonar and Hubert, 2002 ). An example is the paddlefish, Polyodon spathula, which has been documented in the river in times both recent and prior to TTW construction using other sampling techniques (O'Keefe, 2006) . It is interesting to note in this context that we collected two species that were not known from the Noxubee River prior to our sampling: Notropis edwardraneyi (MMNS 54994, 55085) and C. asprella (MMNS 54761, 54935, 54981, 55034, 55073, 55091) . These Table 2 . Pearson correlation values, r, derived from a non-metric multidimensional scaling analysis of historical and contemporary Noxubee River fish assemblages. Significant clustering was not observed between time periods, and correlation values appear to be explained by species habitat association sensu Ross (2001 (Boschung, 1989; Ross, 2001) , and the lower Noxubee River may currently be a refugium along with other mainstem tributaries (Roberts et al., 2007) . New collections of C. asprella from the Tombigbee River drainage in Mississippi are noteworthy considering the species was deemed extirpated there as recently as 2003 (Grandmaison et al., 2003) . With the collections reported herein and the addition of P. spathula, it is reasonable to assume that the species diversity for the Noxubee River could be in excess of 100 species of fishes. Our collective evidence generally refutes the prediction of Boschung (1987 Boschung ( , 1989 ) that species richness would decline in Tombigbee River drainage tributaries because of isolation from other lotic refugia after fragmentation by the TTW. This contrasts sharply with the findings of recent research in another location within the Tombigbee drainage approximately 169 km upstream of the Noxubee River's confluence with the TTW. Taylor et al. (2008) found significant differences in regional and local species richness, and strong shifts in fish assemblage structure across a 20-year time span in the East Fork of the Tombigbee River (hereafter East Fork) upstream of its confluence with the TTW. Although it is well documented that fragmentation of river ecosystems can lead to declining fish abundances and loss of aquatic diversity (e.g., Zwick, 1992; Pringle et al., 2000; Gubiani et al., 2007) , the fact that both of these properties changed greatly in one segment of the Tombigbee River drainage and not another raises the question of how spatial discontinuity in the impacts of river regulation arises.
We can gain some insight by examining specific characteristics of the two sub-basins relative to their proximity to the TTW. Our results in the present study show that species turnover in the Noxubee River is strongly related to a continuous, longitudinal gradient of stream order and its associated variables. The East Fork is similar to the Noxubee River in that it confluences with the TTW but was not itself subject to impoundment or channel modifications. However, the course of the East Fork is parallel to the Canal section of the TTW and is influenced at a number of points by supplemental flow discharges from the canal (Taylor et al., 2008) . Our results also indicate that fish assemblage structure in the Noxubee River continues to be influenced by periodic interactions with side-channel habitats during flood events. Flood events are less frequent in the East Fork after TTW construction (Taylor et al., 2008) , and contributions from flood plain habitats appear be reduced there. Longitudinal zonation and floodplain interaction are well recognized as factors resulting in observed riverine fish assemblage patterns (Junk and Bayley, 2008; McGarvey and Hughes, 2008) . These remain influential to assemblage structure in the Noxubee River, while their influence is disrupted in the East Fork (Taylor et al., 2008) . River systems are patchy and dynamic, even under circumstances commonly imposed by river regulation (Pringle et al., 1988; Rice et al., 2001) , but location within a drainage network and distance from dams and other regulatory structures can influence biotic impacts (Ward and Stanford, 1983) .
Our results provide further evidence that major tributaries of altered mainstem rivers can serve as viable refugia for native riverine fauna, but that individual tributaries can differ in resiliency to assemblage shifts and diversity loss. Two tributaries of the altered Tombigbee River, the Noxubee and East Fork Tombigbee rivers, have responded in very different ways to the construction of the Tenn-Tom Waterway. The East Fork's flow regime has been significantly altered, and the fish assemblage response has been considerable, with a loss of diversity and a shift in fish assemblage organization (Taylor et al., 2008) . On the contrary, the Noxubee River's fish assemblages have changed little since waterway construction. Regional species richness was slightly lower in the contemporary system, but the biological significance of this is questionable. Changes in average local species richness and general assemblage organization were not detected. Many contributing factors determine the impact of river regulation on tributary systems including system size, spatial configuration in the basin network, within-catchment hydrological alterations or fragmentation, and land-use patterns that affect a river's interaction with the floodplain. While by no means an exhaustive source of all potential influencing factors, we hope this discussion will provide a springboard for directed inquiries concerning mechanisms that promote assemblage change within altered river basins. Models capable of predicting assemblage resiliency among major tributaries would benefit conservation managers striving to identify critical habitat and/or conservation opportunity areas when increased discrimination becomes necessary due to limited resources. 
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